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RESEARCH MEMORANDUM

THEORETICAL, PERFORMANCE OF JP-4 FUEL AND LIQUID
OXYGEN AS A ROCKET PROPELLANT
IT -~ EQUILIBRTUM CCOMPOSITION

By Vearl N. Huff, Anthony Fortini, and Sanford Gordon

SUMMARY

Theoretical rocket performance for equilibrium composition during
expansion was calculated for the propellant combination JP-4 fuel and
liquid oxygen at two chamber pressures and several pressure ratios and
oxldant-fuel ratios.

The parameters included are specific impulse, combustion-chamber
temperature, nozzle-exit temperature, molecular weight, molecular-weight
derivative, characteristic velocity, coefficient of thrust, ratio of
nozzle-exit area to throat area, specific heat at constant pressure,
isentropic exponent, viscosity, and thermal conductivity. A correlation
is given for the effect of chamber pressure on geveral of the parameters.

INTRODUCTION

A continuling Interest in hydrocarbon fuels and liguid oxygen as.
rocket propellants is assured by favorable logistics and relatively high
specific impulse. Theoretical performance of several hydrocarbons with
liquid oxygen is reported in the literature, for example, in references
1 to 3.

Additional computations were made for the propellant cambination
JP~4 fuel and liquid oxygen at the NACA Lewis laboratory between 1953
and 1955 as required for theoretical and experimental programs. These
data were camputed for both frozen and equilibrium composition during
expansion.

The data for frozen composition during expansion are reported in
reference 4. The subject report presents the data for equilibrium com-
position during expansion for two chamber pressures and a wide range of
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oxidant-fuel ratios and pressure ratios. A correlation is given that
permits the determination of specific impulse, characteristic velocity,
ratio of nozzle-exit area to throat area, combustion-chamber temperature,
and nozzle-exit temperature for a wide raage of chamber pressure. An
equation is given that permits estimation of specific impulse for a
change in heat of reaction of the propellant.

SYMBOILS

The followling symbols are used in this report:

£1,82,0-

Ho

nozzle area, sq in.
local velocity of sound (velocity of flow at throat), f£t/sec

coefficient of thrust; Cp = g, I/c¥* = F/PC.At

moler specific heat at constant pressure, cal/(mole)(%K)
specific heat at constant pressure, (dh/dT)p, cal/(g)(°K)
characteristic velocity, chcAt/w, ft/sec

thrust, 1b

functions

1b mass Tt
gravitational conversion factor, 32.174=<lb force) <sec2)

sun of sensible enthalpy and chemical energy, cal/mole

sum of sensible enthalpy and chemical energy per unit mass
E;; nj (B9)1
T ooy v cel/e

specific impulse, 1b force-sec/lb mass
coefficient of thermal conductivity, cal/(sec)(cm)(°K)

2 niMy
i

molecular weight, oo

o g/g-mole or 1b/lb-mole

SY0¥
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mole fraction

characteristic-velocity exponent, ETEELEL_

specific-impulse exponent for fixed pressure ratio,
aJ_nI
O 1n oo, /p

temperature exponent for fixed pressure ratio, (%}JEl%g- P /P
Cife

area-ratio exponent for fixed pressure ratio, ETEELE:>P /P

oxidant-to-fuel weight ratio

pressure, Ib/sq in.

partial pressure, lb/sq in.

universal gas constant (consistent units)

equivalence ratio, ratio of four times the number of carbon
atoms plus the number of hydrogen atoms to two times the

number of oxygen atoms in propellant, 4 Cz g il

entropy at pressure of 1 atmosphere, cal/(mole)(oK)

Y (2, RZ py1n(p, /1¢.696)
i
M(I - o) M ’

entropy per unit mass,
cal/(g)(°K)
temperature, °K
velocity, ft/sec
specific volume

mass-flow rate, lb/sec

isentropic exponent, (g—%%;%;
5
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& ratio of nozzle area to throat area, A/A;
i absolute viscosity, poises = g/(cm)(sec)
E (g—%ﬁjf » derivative of logarithm of molecular welght with
S
respect to logarithm of temperature at constant entropy
p density, 1b/cu in.
Subscripts:
c cambustion chamber
e nozzle exit
i product of cambustion including both gaseous and solid phases
inj injector face
J gaseous product of cambustion
k solid product of cambustion (graphite)
o] conditions at 0° K
P constant pressure
P,/P constant pressure ratio
8 constant entropy
t nozzle throat
1 reference point

CALCULATION OF PERFORMANCE DATA

Performance data were obtained for two chamber pressures for a
range of equivalence ratios and pressure ratios. IEquilibrium composi-
tion during expansion was assumed.

The camputations were carried out by means of the method described
in reference 5 with modifications to adapt it for use with an IBM
card-programmed electronic calculator. The machine was operated with

S30%
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floating-decimal~point notation and eight significant figures. The suc-
cessive approximation process used in the calculations was continued
until seven-figure accuracy was reached in the desired values of the
assigned parameters (mass balance and pressure or entropy) .

Assumptions

The calculations were based on the following usual assumptions:
perfect gas law, adiabatic combustion at constant pressure, isentropic
expansion, no friction, homogeneous mixing, and one-dimensional flow.
The products of combustion were assumed to be graphite and the follow-
ing ideal gases: atamic carbon C, methane CH;, carbon monoxide CO, car-

bon dioxide CO2, atomic hydrogen H, hydrogen H2, water H20, atomic oxygen
0, oxygen Oz, and the hydroxyl radical OH. The combustion products are
assumed to be completely expanded within the exit nozzle; that is, am-

bient pressure equals exit pressure. Chemical equilibrium is assumed
during the expansion process.

The graphite was assumed to be finely divided and to have the tem-
perature and velocity of the gases during the flow process.

Initial Data

Thermodynamic data. - The thermodynamic data for all combustion
products except graphite, methane, and water were taken from reference
5. Data for graphite were taken from reference 6, and for water fraom
reference 7. Data for methane were determined by the rigid-rotator -
harmonic-oscillator approximation using spectroscopic data fram refer-
ence 8. The base used in this report for assigning absolute values to
enthalpy 1s the same as in reference 5.

The heat of sublimation of graphite at 298.16° K was teken to be
171.698 kilocalories per mole (ref. 9).

Physical and thermochemical data. - The properties of the fuel used
in these calculations are typical of the JP-4 fuel delivered to this
laboratory over a period of 2 years. The JP-4 fuel was assumed to have
a hydrogen-to-carbon weight ratio of 0.163 (atam ratio of 1.942), a lower
heat of combustion value of 18,640 Btu per pound, and a specific gravity
of 0.769. Additional properties of Jjet fuels may be found in refer-
ence 10.

Several properties of the oxidant taken from references 5, 9, and
11 are listed in table I.
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Viscosity date. - The viscosity data for the individual cambustion
products were either taken from the literature when available or
estimated.

The viscosity data for CO, COp, CHy, Hp, and O, were calculated by

the method of reference 12 using the values of the constants from table
1A of that reference.

The viscosities of C, O, H, and OH were calculated by the method of
reference 13, which assumes that the logarithm of viscosity is a linear
function of the logarithm of the temperature.

The viscosity of H20 was calculated from the modified Sutherland
equation given in reference 14.

Computation of Combustion Conditions

A combustion pressure was assigned (300 or 600 Ib/sq in. abs). At
this assigned pressure, the equilibrium composition n;, enthalpy h

(including both chemical and sensible energy), and entropy s were de-
termined for three temperatures at 100° X intervals. The temperatures
were chosen to band the value of enthalpy for the propellant mixture
hc' The formulas used to calculate h and s are

2_ n; (B7)4
T G (4)

2 n;(Sp); 1.98718 ), pyln(ps/14.696)
S = MI T oy " o (2)

Cambustion composition corresponding to h, was obtained by ordi-

nary three-point interpolation of composition as & function of h. En~
tropy s, corresponding to h, was obtained by means of a three-point -

three-slope interpolation of 8 as a function of h. The slope was
obtained by means of the thermodynamic relation

@,

It is convenient to treat the products of combustion (scmetimes a
mixture of solid graphite and ideal gases) as a single homogeneous

SY0%
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fluid. Therefore, the molecular weight of the combustion products M
is defined as the weight of a sample (including gases and solid graphite)
divided by the number of moles of gas and was computed by

) s
1

M= (4)
l - nk
This value of M 1is suitable for use in the gas law
\
- e (5)

M

provided the solid phase is included in the density. Such a fluid will
exhibit ideal properties as long as the volume of the gases is large
with respect to the volume of the solid phase. The procedure is also
consistent with the assumption that the solid particles are small enough
to be considered gas molecules of extremely large molecular weight.

Computation of Exit Conditions

Calculation of parameters at assigned temperatures. - Exit temper-
atures were selected at 200°, 3000, or 400° K intervels to cover the
range of pressure ratios from 1 to 1500. At these selected temperatures,
the following data were computed assuming isentropic expansion and equi-
librium composition: pressure, enthalpy, molecular weight, moleculsr-
welght derivative, isentropic exponent, specific heat at constant pres-
sure, absolute viscosity, thermal conductivity, nozzle-area ratio,
coefficient of thrust, and specific impulse.

Interpolation of throat pressure. - A cubic equation in terms of
In P was derived from the following function and its first derivative
using the data at two assigned temperatures:

h
function, £f1 = 1n fp = ln(% + %% - T?)

ar
first derivative, 1i 5 = ngz (‘f +1l+375 iz P)

(Values for dy/d 1n P were found by a nmumericel method.)

The two temperatures were selected to band the throat temperature.
The pressure at the throat was found by interpolating 1n P as a func-
tion of f; for the point f; = 1n (b,/R - h /R). At this point the
velocity of flow equals the velocity of sound.
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Interpolation of enthalpy. - Enthalpies were interpolated for a
series of pressures including the throat pressure by means of quartic
equations in terms of 1n P. Each of the quartic equations used was
derived from data at two successive assigned temperatures and used to
interpolate those points within the temperature interval. The data used
in forming each quartic were the following function at one of the as-
signed temperatures and its first and second derivatives at both as-
signed temperatures:

[N
function, f3 = 'I]% E
s
first derivative, TP "M
: ate, ol
second derivative, 5 = ﬁ([ )
(d 1n P) LAVA

Interpolation of temperature. - Temperatures were interpolated for
a series of pressures including the throat pressure by means of cubic
equations in terms of 1n P. Tach of the cublc equations used was de-
rived from data at two successive assigned temperatures and used to in-
terpolate those points within the temperature interval. The data used
in forming each cubic were the following function and its derivative
at both assigned temperatures:

]

function, f4 =In T

df -
first derivative, f5 = = 1i 5 =(T = l>< 1 E)

Interpolation of molecular weight. - Molecular weights were inter-
polated similarly to temperatures using the following function and
derivative:

function, fg = In M

. dfg r-l) 3
first derivative, FREW = Efg —( 7 (l — §>
Interpolation of specific heat, iséntropic exponent, and molecular-
welght derivative. - Specific heats were interpolated for a series of
pressures including the throat pressure by means of cubic equations in
terms of 1n P. Each of the cubic equations used was derived fram
values of specific heat for four successive temperatures and used to
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Interpolate those points within the interval of the two middle tempera-
tures. Isentropic exponents and molecular-weight derivatives were in-
terpolated in a manner similar to that for specific heats.

Accuracy of interpolation. - The errors due to interpolation were
checked for several cases. The values presented for enthalpy, entropy,
and specific impulse appear to be correctly computed to all figures tab-
ulated. The temperature and molecular weight may in some cases be in
error by a few figures in the last place tabulated. The derivatives may,
in regions where they are changing rapidly, be in error by a few percent.
However, becguse of uncertainties in thermodynamic data used, all values
are probably tabulated to more places than are entirely significant.

Formulas

The formulas used in computing the various performasnce parameters
as are follows:

Specific impulse, 1b force-sec/lb mass

hy - hy
I = 294.98)\ | <555 (s)

Throat area per unit mass-flow rate, (sg in.)(sec)/1b

A 2781.6 T
- = —g3a (7)
W PtMta

Characteristic velocity, ft/sec

e

Coefficient of thrust

32.174 Pc@:;-b-) (g)

8Ll 32,1724 1T
CF = c* = c* (9)

Nozzle area per unit mass-flow rate, (sq in.)(sec)/1b

A _ 86.455 T

w PMT (10)
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Ratio of nozzle areas to throat ares

A/w

At W

Specific heat at constant pressure, cal/(g) (%K)

CO
> {30, =

vhere Cg is given by equation (37) of reference 5.

E&E =

Isentropic exponent

(0 1n P\ _ a’M
T‘S—Jn_p)s"ﬁ

where a2 is given by equation (32) of reference 5.

Absolute viscosity, poises

PM
IJ' S e—————
ZE: i
3 “js/jM.j
Molecular-weight derivative

EPiDi
g {310 =D, - L
0 1n T . A P

where DA and Di have the definitions of ref. 5.

Coefficient of thermal conductivity, cal/(sec)(cm) (%K)

k- u(ep + 5 3)

NACA RM ES6D23

(11)

(12)

(13)

(14)

(15)

(16)

The values of viscosity and thermal conductivity for mixtures of
combustion gases calculated by means of equaticms (14) and (16) are only
approximate. When more reliable transport properties for the various
products of combustion became available, a more rigorous procedure for
computing the properties of mixtures may also be Jjustified. When solid
graphite was present among the combustion products, it was omitted fram

equation (14).

8707
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THEQRETICAL PERFORMANCE DATA

Tables. - The calculated values of the performance parameters and
equilibrium composition of the combustion products are given in tables
II to VII. The properties of gases in the combustion chamber and the
characteristic veloclty are given in table II for each chamber pressure
and equivalence ratio. Table III presents the values of performance
parameters at assigned temperatures and constant entropy. These values
were computed directly and used to interpolate properties for assigned
pressure ratios. The values of viscosity and thermal conductivity of
the mixture are also given in this table as a function of temperature.

The performance parsmeters for small pressure ratios from 1 to 8
are given in table IV. These properties permit coamputations within the
rocket nozzle and for finite cambustion-chamber diameters. Properties
at the throat may be found where &€& = 1.000. The values adjacent to the
throat correspond to pressures 1.2 and 0.8 times the throat pressure.

The performance parameters for pressure ratios from 10 to 1500 are
given in table V. This table gives sufficient date to permit interpo-
lation of camplete datae for any pressure ratio within the range tabulated.

The performance parameters are sumarized in table VI for expansion
from chamber pressure to 1 atmosphere. The maximum values calculated
for specific impulse for chamber pressures of 600 snd 300 pounds per
square inch absolute are 284.9 and 260.8, respectively.

Table VII presents the composition of the cambustion products at
the combustion temperature and various assigned temperatures at constant
entropy.

Curves. - The performance parameters are plotted in figures 1 to 6
for chamber pressures of 600 and 300 pounds per square inch absolute.

Curves of specific impulse are presented in figure 1 for pressure
ratios from 10 to 1500 as functions of weight percent fuel. The loca-
tion of the maximum values shifts from about 31 percent fuel at the low
pressure ratios to about 26 percent fuel at the higher pressure ratios.
The exponent ny is also shown.

Curves of combustion-chamber temperature and nozzle-exit tempera-
ture for pressure ratios from 10 to 1500 are plotted in figure 2 as
functions of weight percent fuel. The exponent np is also shown.

Curves of the ratio of nozzle area to throat area are plotted in
figure 3 for pressure ratios from 10 to 1500 as functions of weight
percent fuel. The exponent ng 1s also shown.
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Figures 4 and 5 give the curves for coefficient of thrust aﬁd
molecular welght, respectively, for pressure ratios fraom 10 to 1500 as
functions of weight percent fuel.

Figure 6 presents curves of characteristic velocity as functions
of weight percent fuel. Also shown is the exponent D e

Effect of solid graphite. - The theoretical calculations of equi-
librium composition in the combustion chamber showed that solid graphite
was not present for the equivalence ratios of 1 to 2 (weight percent
fuel, 22.71 to 37.01) and was present for an equivalence ratio of 3.

The appearance of solid graphite affected the values of the thermody-
namic parameters and resulted in a break in the performance data in the
region of equivalence ratios between 2 and 3. The performance at an
equivalence ratio of 3 was not plotted in figures 1 to 6 but is pre-
sented in tables II to VII.

Effect of assuming frozen or equilibrium composition. - The assump-
tion of whether the camposition remains constant during the expansion
process (frozen) or is in continuous equilibrium affects the values of
the performance parameters. Figure 7 compares the values of specific
impulse assuming equilibrium composition (this report) and frozen com-
position (ref. 4). The maximm value of specific impulse for a chamber
pressure of 600 pounds per square inch absolute and a pressure ratio of
40.83 is 284.9 for equilibrium composition and 271.8 for frozen compo-
sition, a difference of 4.8 percent. The maximm specific impulse oc-
curs at about 29 and 32 percent fuel for equilibrium and frozen compo-
sition, respectively.

An example of the large effect of change of composition on specific
heat and isentropic exponent is given in figures 8(a) and (b). For the
stoichiometric equivalence ratio, the value for specific heat assuming
equilibrium composition is, at the higher temperatures, almost four
times the value assuming frozen composition. This large difference in
specific heat is due primarily to the chemical energy associated with
the change of composition with temperature. The value for isentropic
exponent at the higher temperatures is about 5 to 10 percent greater
for frozen camposition than for equilibrium composition.

Chamber-pressure effect. - By use of sultable derivatives, per-
formance parameters can be estimated with good accuracy at chamber pres-
sures other than those given in this report. Derivatives which permit
the calculation of I, T, ¢, and c¥ at various chamber pressures for
fixed pressure ratios and equivalence ratios were obtained from the

following equations:

o)
ny = (-a—%;)PC/P = 86.4554 -J% (ﬁ - Fla) (17)

S0P
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Gk (T @
ne= (3825, o = (afide - Gy (19)

e g ), - @D
Box = S =1+ (ma)s (20)

These equations, which were derived amalytically from thermodynemic
relations, are valid only for chemical equilibrium during expansion.
The equations may be written in the approximate form:

P, 7,1
I= 11<Pc’]> (21)
P, \O1,1
T = Tl< c ) ’ (22)
P
c,l
P g1
c ’
& = 51<%;:3> {23)
P \le¥*,1
& = ci 5 g ’ (24)
c,l

where Pc,l may be selected to be either 300 or 600 pounds per square
inch absolute provided that I, Ty, &, cf, and their derivatives are
the corresponding values for the chamber pressure selected.

The derivatives obtained by meens of equations (17) to (20) are
shown in tables II to V and are plotted in figures 1, 2, 3, and 6.

To illustrate the use of these derivatives, suppose it is desired
to obtain the value of specific impulse for a chamber pressure of 450
pounds per square inch absolute and a pressure ratio of 30.62 {exit
pressure, 1 atm) for an equivalence ratio r of 1.4 (29.15 weight
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percent fuel). From figure 1(b) and table V, the value of I at this
pressure ratio and equivalence ratio (but for a chamber pressure of 300
1b/sq in. abs) is 274.5 and the value of ny is 0.0084. From equa-
tion (21),

I=274.5(z==

450\ 0+ 0084
)

274.5 (1.0034)

i

= 275.4

A comparison of the parameters obtained by means of the chsmber-pressure
correlation and by a direct calculation for two examples is given in the
following teble (r = 1.4 (29.15 weight percent fuel)):

Paremeter| P, = 450 1b/sq in. abs P, = 1200 lb/sq in. abs

Al

Pe =1 stm Pe =1 atm
Estimated| Direct |Error|BEstimated| Direct |Error
by corre-| calcu- by corre-| calcu-
lation lation lation lation
I 275.44 275.43 (0.01 304..98 304.91 |10.07
Tc 3537.6 3536.8 .8 3672.2 3670.5 1.7
T 2472.9 2470.6 2.3 2111.9 2112.8 .9

e
€ 5.383 5.374) .009| 10.900 10.894| .006

c® 5886.1 5885.3 .8 |5948.9 5946.3 (2.6

It is expected that values estimated for other equivalence ratios
and. pressure ratios for any chamber pressure from about 150 to 1200
pounds per square inch absolute will have small errors of the order of
magnitude shown in the previous table. A possible exception might oc-
cur when the value of the exponent is changing repidly, such as in the
region where solid graphite first appears.

Estimated performance of JP-4 fuel with ozone or oxygen-ozone mix-
tures. - The change in specific impulse due to a change in the heat con-
tent of the propellants or cambustion products may be estimated from the
following equation:

12 = 12 + B &b, + C(Ah,)? (25)

S0



4045

NACA RM E56D23 15

where Ahe 1is the change in the heat content,

Te
87.0132 - T
c/l

_87.0132/Ie> 11
2 \r.2 1[(°P)C (EP)e]l

end the subscript 1 i1indicates the values of the parameters before the
change is made. For example, assume that the performance is desired
for JP-4 fuel and a mixture of 20 percent liquid ozone and 80 percent
liquid oxygen by weight at an equivalence ratio of 1.4, a cambustion
pressure of 600 pounds per square inch absolute, and a pressure ratio
of 40, The reaction may be written

B

Q
I

CH; g4p + 0.8489 Oy + 0.1415 Oz (26)

From reference 5, the difference in heat cantent between oxygen and
ozone is 34,853 calories per mole of ozone. Therefore, Ah, is 102.9

calories per gram of propellant (fuel plus oxidant).

From tables II and V(a) or figures 1(a) and 2(a), the values of
the parameters are

I, = 284.3
To,1 = 3576
T,y = 2578

(eple,1 = 1.520
(cp)e,l = 0.580

These values yield the following:

12 = 80,926
B = 29.15
¢ = -0.00863
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By equation (25),

12 = 80,826 + 29.15(102.9) + (-0.00863)(10,588)
= 80,826 + 3000 - 91 = 83,735
I = 289.37

This compares to a value of 289.39 obtained by a direct calcula-
tion. It is expected that estimates made for higher percentages of
ozone in the oxidant mixture will have somewhat higher errors.

Equation (25) was used to obtain the variation of specific impulse
with percent ozone in the oxidant for an equivalence ratio of 1.4, a
chamber pressure of 600 pounds per square inch absolute, and an exit
pressure of 1 atmosphere. The results are shown in figure 9.

Use of derivatives. - The derivatives of the fundamental thermody-
namic quantities have many useful applications. Equations (21) to (25)
are examples of these applications.

A1l the relations between the first derivatives may be expressed
in terms of three arbitrary first derivatives in addition to the funda-
mental quantities (ref. 15). Reference 15 presents a convenient scheme
for expressing all first derivatives in terms of (dv/dT)p, (dv/3P)n,

and (dh/dT)p = cp- In order to make use of the tables in reference 15,
(ov/oT)p end (3v/dP)q can be obtained fram the data in this report by
means of the following equations:

(%)P (%( ¥ 1)(1 . g) (27)

(%Tz_%(%i-% (=)

The dimensions of specific volume v in equations (27) and (28)
which result from using the dimensions assigned to the other varigbles
in this report are (cal)(sq in.)/(g)(1b force). For certain applica-
tions involving these derivatives, the dimensions of Vv are unim-
portant inasmuch as they will cancel. However, a conversion factor may
be used, when desired, to obtain any dimension for v. For example,

1(cal)(sq in.)/€g)(1b force) equals 606.84 cu cm/g.

8707
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Effect of finite chamber area. - The use of s combustion chamber
of finite cross-sectional area leads to a Pressure change across the
combustion process. For a cylindrical chamber, the injector face pres-
sure Pinj may be found from the following equation for conservation

of momentum.

W

where Py and Vy are the stafic pressure and velocity at the nozzle
entrance, respectively, and Vinj is the average velocity of propellant

(liquid or gas) in the axial direction when injected. Equation (29) may
be written

P
1 c
Pinj = Ehtfrﬁ-fzga; (I8, - v&nj) (30)
where P. 1is the stagnation pressure in the nozzle.

The data tabulated in tables IT and IV may be used to evaluate
this expression. For example, the pressure at the face of the injector
of a rocket operating at the’ stoichiometric ratio with a nozzle stagna-
tion pressure of 600 pounds ber square inch absolute and & chamber-to-
throat area ratio of 1.24 with Vinj equal to 100 feet per second is

1, _ 600
1.2 © 5622(1.24)

Piny = 600 (66.5%32.2 - 100)

I

500 + 0.0861 (2041)

500 + 175.7

675.7 1b/sq in. abs

SUMMARY OF RESULTS

A theoretical investigation of the performance of JP-4 fuel with
liquid oxygen as an oxidant was made for the following conditions: (l)
equivalence ratios fram 1 to 3, (2) chamber pressures of 300 and 600
pounds per square inch, (3) pressure ratios from 1 to 1500, and (4)
equilibrium composition during expansion.
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The results of the investigation are as follows:

1. The maximm values of specific impulse for chamber pressures of "
600 and 300 pounds per square inch absolute (40.83 and 20.41 atm) and
an exit pressure of 1 atmosphere were 284.9 and 260.8, respectively.

2. The data presented in this report permit interpolation of com-
plete performance data for equivalence ratios from 1 to 2, chember pres-
sures from 150 to 1200 pounds per square inch absolute, and pressure
ratios up to 1500.

S70%

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, May 17, 1956
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TABLE I. - PROPERTIES OF LIQUID OXYGEN

Molecular weight, M
Density, g/cc
Freezing point, ©C

Boiling point, %c

Enthelpy required to convert
liquid at boiling point to
gas at 250 C, kcal/mole

Enthalpy of vaporization,
kcal/mole

Enthalpy of fusion,
kcal/mole

32.00
8].1415
b_218.76

b
-182.97

€3.080
43 630

€0.106

®at -182.0° C; ref. 11.
bRef. 9.

cRef. 5.

a o a.

At -182.97° C; ref. 9.
€At -218.76° C; ref. 9.
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TABLE II. - THERMODYNAMIC PROPERTIES OF COMBUSTION GASES FOR JP-4 FUEL AND LIQUID OXYGEN

Bquiva- Peroent [Oxidant|Tem~ |Temper- Molecular|Enthalpy, | Entropy, | Specific |Isen- Character-|Charac-
lence fuel by |to fuel|pera-|ature welght, h, 8, heat, trople |1stic teris-~
ratlo, welght |welght (ture,|exponent, M oal/g cal Cps ex- veloolty tic
r ratio, g, D g cal ponent, | exponent, (veloc-
4§c2§ ; (1) o/t K T (EY| ¥ n g 11:%;,‘
E ]
ft/sec
(a) (p) (v) (b) (b)
Combustion-chamber pressure, 800 1b/sq in. abs
1.00 22.71 5.403 36121 ©0.04286 25.48 2531.6 2.5729 1.845 1.128 0.0127 5622
1.20 26.07 2.838 3828 L0422 24.03 23501.1 2.6815 1.a18 1.131 .0125 5795
1.30 27.64 2.6186 3612 .0408 23.36 3074.1 2.7297 1.700 1.134 .0119 5859
1.40 29.15 2.431 35786 .0382 22,70 3239.9 2,7740 1.520 1.139 .0110 5904
1.50 30.59 2,269 5518 L0344 22.05 3399.0 2.8146 1.283 1.145 L0092 5924
1.60 31.98 2.127 3438 .0290 21.41 5551.6 2.8515 1.089 1.156 L0069 5918
1.80 34,59 1.891 3205 .0187 20.17 3839 .4 2.9142 .798 1.184 L0031 5852
2.00 37.01 1.702 2923 .0099 19.03 4105.8 2.9627 .653 1.215 .0009 5679
3.00 46.85 1.134 1657 .0264 15.49 5188.4 5.0102 . 701 1l.285 0114 4674
Combustion-chamber pressure, 300 lb/sq in. abs
1.00 22.71 5.403 3507 0.0432 25.24 2531.6 2.6273 2,012 1.124 0.0128 5672
1.20 26.07 2.836 3523 .0425 23.80 2901.1 2.7391 1.996 1.127 .0128 5745
1,30 27.64 2.618 3511 0418 25.14 3074.1 2,7889 1.887 1.131 0124 5810
1., 40 28,15 2.431 3482 0396 22,50 3239.9 2.8349 1.707 1.135 .0116 5859
1.50 30.59 2.2689 [ 3433 0360 21.88 3399.0 2.8773 1.472 1.140 .0100 5886
1.60 51.98 2.127 3583 0316 21.27 5651.6 2.,9160 1.233 1.149 .Q080 5888
1.80 34.59 1.891 3180 .0215 20.09 5859.4 2.,9828 .880 1.178 .0040 5818
2.00 37.01 1.702 2900 .0123 18.98 4105.8 3.0351 .696 1.207 .0014 5674

The base used for enthalpy 1s given in ref. 5.
bParameter Includes energy due to change In compositlon,

£209sd HH YOVN
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EEquili’brium composition during isentropic expansion or compression from combustion conditions:l
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(2) Combustion-chamber pressure, 600 pounds per squaere inch absolute
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TABIE III. - THECOHEETICAT. ROCKET PERFCRMANCE AT ASSIGNED TEMPERATURES FCOR JP-4 FUEL AND LIQUID OXYGEN
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TEEQRETICAT. ROCKET FERFCRMANCE AT ASSIGNED TEMPERATURES FOR JP-4

TABIE III. -~ Concluded.

FUEL AND LIQUID OZXYGER

quuilibritm composition during isentroplc expansion or compression from combustion conditions.]

(b) Combustion-chanmber pressure, 300 pounds per square inch sbsolute
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[]_Equili’brium composition during isentroplc erxpansion._]

TABIE IV. - THECRETICAL ROCKET PERFORMANCE AT ASSIGNED PRESSURE RATIOS FRCM 1 TO 8 FOR
JP-4 FUEL AND LIQUID OXYGEN

(a) Combustion-chamber pressure, 600 pounds per square inch sbsolute
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THEQRETICAT ROCKET PERF(ORMANCE AT ASSIGNED PRESSURE RATIOS FROM

1 TO 8 FGR JP-4 FUEL AND LIQUID OXYGERN

E‘:quilibrim composition during isentropic expansionj

TABIE IV. ~ Concluded.

(b) Combustion-chamber pressure, 300 pounds per square inch absolute
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TABLE V. - THEORETICAL ROCKET PERFORMANCE AT ASSIGNED PRESSURE RATIOS FROM 10 TO 1500 FOR

JP-4 FUEL WITH LIQUID OXYGEN

g

(a) Combustion-chamber pressure, 600 pounds per squere inch absolute

ompositlion during isentroplc expansion
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THECRETICAL ROCEET PERFORMANCE AT ASSIGNED PRESSURE RATIOS FROM

Contimued.
10 TO 1500 FQOR JP-4 FUEL WITH LIQUID QXYGEN

TABIE V. -

[Equili'britm composlition during isentropic expansion.:\
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RACA RM E56D23

THEORETICAL ROCEET PERFCRMARCE AT ASSIGNED PRESSURE RATIOS FROM

[Z-_Equili'br:hnn composition during isentropic expansion.:]

(b) Combustion-chamber pressure, 300 pounds per square inch absolute

10 TO 1500 F(R JP-4 FUEL WITH LIQUID OXYGEN

TABLE V. - Contimued.
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NACA RM E56D23

THEGRETICAL ROCKET FERFORMANCE AT ASSIGNED PRESSURE RATIOS FROM

quuili'brimn composition during isentropic expansion:l

10 TO 1500 FOR JP-4 FUEL WITH IIQUID OXYGEN

TABIE V. - Concluded.
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NACA RM E56D23

TABLE VI. - THEORETICAL ROCKET PERFORMANCE FOR COMPLETE EXPANSION TO EXIT
PRESSURE OF 1 ATMOSPHERE FOR JP-4 FUEL AND LIQUID OXYGEN

[Equilibrium composition during isentropic expansion. ]

Equiva- Percent |Oxidant-|Combus- |Exit Charac-| Thrust|Area Specific
lence fuel by|to-fuel |[tion temper- fteris- | coeff-|ratio, | impulse,
ratio, welght [weight |temper-|ature, (tic clent, e I,
r ratio, [|ature, Te» veloc- Cp lb-sec
4(c5 + (H) of/f |Te, %K O ity, 1b
2(0 c¥,
ft/sec

Combustion-chamber pressure, 600 1b/sq in. jabs

1.00 22,71 | 3.403 | 3612 2718 5622 |1.569 | 7.14 | 274.2
1.20 26.07 | 2.836 | 3628 2673 5795 |1.566 | 7.05 | 282.1
1.30 27.64 | 2.618 | 3612 2558 5859 [1.561 | 6.88 | 284.4
1.40 29.15| 2.431 | 3576 2371 5904 ]1.553 | 6.61 | 284.9
1.50 30.59 | 2.269 | 3518 21e7 5924 |1.541 | 6.32 | 283.8
1.60 31.98 | 2.127 | 3436 1978 5918 J1.530 | 6.08 | 281.5
1.80 34.59 | 1.891 | 3205 le61l 5832 (1.513 | 5.76 | 274.3
2.00 37.01 | 1.702 | 2923 1409 5679 |1L.503 | 5.55 | 265.4
3.00 46.85 | 1.134 | 1657 1015 4674 §1.537 | 6.42 | 223.3

Combustion-chember pressure, 300 1b/sq in. abs

22.71 ] 3.403 | 3507 2797 5572 ]1.440 | 4.18 | 249.3
26.07 | 2.836 | 3523 2776 5745 [1.438 | 4.15 | 256.8
27.64 | 2.618 | 3511 2714 5810 |[1.436 | 4.10 | 259.3
29.15 | 2.431 | 3482 25985 5859 [1.432 | 4.02 | 260.7

el
£§888

30.59 | 2.269 | 3433 2427 5886 [1.426 | 3.90 | 260.8
31.98 | 2.127 | 3363 2244 5888 [1.418 | 3.77 | 259.6
34.59 | 1.891 | 3160 1807 5818 |1.406 | 3.57 | 254.3
37.01 ) 1.702 | 2900 1628 5674 [1.399 | 3.45 | 246.7
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NACA RM E56D23

E[sentropic expansion or compression from combustion conditions.j

FOR JP-4 FUEL AND LIQUID OXYGEN

TABLE VII. - EQUILTBRIUM COMPOSITION COF PRODUCTS COF REACTION AT ASSIGNED TEMPERATURES

32
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(a) Combustion-chamber pressure, 600 pounds per square inch absolute
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2gole fractions were computed for all 11 substances considered in this report but are omitted if less than 5x10~8,

bCombustion temperature.
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EQUILTERIUM COMPOSITICN (F PRODUCTS OF RBACTION AT ASSIGNED

TEMPERATURES FCR JP-4 FUEL AND LIQUID OXYGEN

TABLE VII. - Concluded.

Eisentropic expansion or compression from combustion conditions.]

(b) Combustion-chember pressure, 300 pounds per square inch absolute
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8Hole fractions were computed far all 11 substances oousidered in this report but are omitted if less than Sx107C.

bCombustion temperature.
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Figure 1. - Theoretical specific impulse of JP-4 fuel with
1liquid oxygen. Equilibrium composition during isentropic
expansion to pressure ratio indicated.
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Figure 1. - Concluded. Theoretical specific impulse of JP-4

fuel with liquid oxygen. Equilibrium composition during
isentropic expansion to pressure ratio indicated.
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SY0v



' ERRATA
NACA Research Memorandum ES56D23
By Vearl N. Huff, Anthony Fortini, and Sanford Gordon
September 7, 1956

Figure 2, page 37: The ordinate should be 400, 800, 1200, 1600,
2000, 2400, 2800, 3200, and 3600 instead of 800, 1200, 1600,
2000, 2400, 2800, 3200, 3600, and 4000.
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Figure 4. - Theoretical coefficient of thrust for JP-4 fuel

with liquid oxygen. Eguilibrium composition during isen-
tropic expansion to pressure ratio indicated.
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Figure 5. - Concluded. Theoretical molecular weight for JP-4
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isentropic expansion to pressure ratio indicated.
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Figure 7. - Comparison of theoretical specific impulse assuming frozen and
equilibrium composition for JP-4 fuel with liquid oxygen. Chamber pres-
sure, 600 pounds per square inch absolute; isentropic expansion to 1
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